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PREDICTIVE OPTIMIZATION OF 

CHROMATOGRAPHY 
GRAD1 ENT-ELUTION Ll QU ID 

P. JANDERA 
University of Chemical Technology 

Leninovo rrant 565 
532 10 Pardubice, Czechoslovakia 

ABSTRACT 

The method? for calculation of retention yolumes 
and bandwldths in liquld chromatography wlth binary 
gradients, ternary "solvent-strength" gradients, ter- 
nary "selectivity" gradients and "combined selectivi- 
ty - solvent strength" ternary gradients ere surveyed. 
Theae calculetion methods form the basis for the pre- 
dictive optimization of profiles of binary and terna- 
ry gradients. Various strategies for predictive opti- 
mizAtion are discussed and illustrated by practical 
optimization example of the grsdient-elution separa- 
tion of a mixture of mono- and di- aminoanthcaquino- 
nes. 

The opt 
in HPLC with 
file in grad 

I N T R O D U C T I 3 N  

rnization of the mobile phase composition 
isocratic elution or of the gradient pro- 
ent-elution HPLC mny use either the im- 

perfect empiriccll " tri el-and-error" approach or some 
of the rational systematic approaches. These systema- 
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118 JANDERA 

tic optimization methods have been reviewed recently 
by Schoenmdkers'. In addition to statistical sequen- 
tial and simultaneous optimization methods, which do 
not require any preliminary information on the reten- 
tion mechanism, but usually require a number of SCOU- 
ting experimental rune in the chromatographic system 
to be optimized, predictive and interpretive optimiza- 
tion methods mny be used. The predictive methods rely 
on some theoretical models of the retention mechanism 
in a given chromatographic system, which allow to pos- 
tulate quantitative mathematical relationships between 
the optimized parameters of the chromatographic sepa- 
ration and on an adequate criterion o f  the quality 
of separation, such as resolution or some sun crite- 
rion'. 

Most of the optimization effort has been devoted 
to HPLC with isocratic elution. However the Bdventn- 
ges of gradient elution for separation of sample mix- 
tures with a wide retention rsnge are appreciated now 
and grqdient elution is becorning a routine tool in a- 
nalytical laboratories*. %irkland and Glajch3 descri- 
bed the application of their "overlnpping resolution 
mapping" procedure to the optimization of reversed-pha- 
ae gradient elution. tiecently, Dolan et ~ 1 . ~  have in -  
troduced so-called "Dry Lab G" optimization method, 
which is based on computer simulation of reversed-pha- 
se gradient-elution separations. Earlier, we have su- 
ggested several predictive optimization procedures 
f o r  binary, ternmy and stepwise gradient-elution 
chromatography i n  reversed-phase, ion-exchange and 
straight-phase sy~tems~'~, 

a systematic survey and comparison o f  our optimiza- 
tion procedures for gradient-elution HPLC and to e- 
lucidate some pos.sible problems on practical exem- 
ples. 

It was the objective of this work to provide 
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OPTIMIZATION OF GRADIENT-ELUTION 119 

ISXRATIC-ELUTION CHROXATOGRAPiIY 

3ur predictive procedures for optimization of 
grsdient-elution sepmstions make use of the depen- 
dence o f  the solute capacity factors, k: on the con- 
centretion , 'y ,  in volume per cent/ of the more effi- 
cient eluting component / o r  components/ in binary or 
ternmy mobile phases. The mathematical form of this de- 
pendence is given by the chromritographic system used 
and i t  mey be rather complex. However relatively sim- 
p l e  equations are suitable for the prediction of reten- 
tion d a b  and for the optimizRtion purposes in a number 
of ch-omatographic systems 6 . 

In many straight-phase chromRtogrRphic systems 
using polar adsorbents or polar chemically bonded sts- 
tionary phases and binary mobile phases, the dependen- 
ce of k'on the concentration $@ 09 a more polar orga- 
nic solvent in a non-polar one mey be described by 
8 simple equation69 10: 

k' = a .ye" /1/ 

a and m are experimental constants depending on the 
structure of the solute, on the nature of the ststio- 
nary phase end the solvents used and on the temperature. 
The eq./l/ can often be ueed also in ion-exchange chro- 
matography of completely ionized solutes, but molar con- 
centration, c, of counter-ions in the mobile phase should 
be used instead of y6 '  '. 
equation can often be used to describe the retention- 
-mobile phase composition dependence6* '', 12, 13: 

In reversed-phase chromatographic systems, similar 

log k' = A - m . y  /2/ 

Here, to is the volume concentration of an organic sol- 
vent in aqueous-orgenic binary mobile phnse and the mea- 
ning of the constants 8 ,  m is similar R S  in the eq./l/. 
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120 JANDERA 

The eqs./l/ and /2/ or other similar equations may 
be used as the basis of predictive optimization of the 
composition of binary mobile phases, after introduction 
into the definition equation for the resolution of a pair 
of solutes 1 and 2 with retention volumes VRl, VR2, capa- 
city factors k;, k; and bandwidths wl, w 2  on a column 
with N theoretical plates: 

The resulting dependence of resolution on mobile phase 
composition can be used for two different optimization 
procedures: 1: The Rs - tprelationship makes it possible 
to calculate directly the concentration y necessary 
to achieve the resolution desired for one or all of the 
pairs of compounds in the sample mixture". 2: The reso- 
lution for all the pairs of sample compounds is calcula- 
ted in dependence on y and a "window diagram" is con- 
structed, from which the cp is selected that yields 

opt 
the best resolution of all the sample compounds in the 

1 1  shortest time of separation . 
zation of binary mobile phase gradients in A Similar 
WRY 

opt 

The k ' - y  dependencies cnn be used for the optimi- 

The constants a, m of the eqs./l/ or /2/ should be 
determined in independent experiments for the solutes 
analyzed. For this purpose, regression analysis of the 
experimental data meRsured at 2 - 5 different mobile 
phase compositions is the moat straightforward approach14, 
but the data obtained in two or more gradient-elution 
experiments with different gradient profiles may also 
be used for this purpose4' 14. 

comprised of one weak and two or more stronger eluents 
hes become popular because of the possibility of fine 
tuning the separetion selectivity by adjusting the con- 

The use of three- and more- component mobile phases 
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OPTIMIZATION OF GRADIENT-ELUTION 121 

c e n t r a t i o n  r n t i o  of t he  s t r o n g e r  e l u e n t s  i n  t h e  mobile  
p h a s e t 5 ,  16 .  P r e d i c t i v e  procedures  can be used f o r  o p t i -  
miza t ion  of  t e r n a r y  mobile phases ,  a a i n l y  i n  reversed-  
-phase chromstography, where the  mobile phases  a r e  com- 
p r i s e d  of  water  and two o r g m i c  s o l v e n t s  x and y /such 
89 methanol,  a c e t o n i t r i l e  o r  t e t r ahydro fu ran /  i n  con- 

They make use  o f  t h e  fo l lowing  c e n t r a  t i o n s  
r e l a t i o n s h i p  between t h e  s o l u t e  c a p a c i t y  f a c t o r !  and 
concen t r a t ions  

P x ,  y y *  

/ 4 /  

The c o n s t a n t s  ax ,  m x ,  aY,  my a r e  t h e  c o n s t ~ n t s  a ,  m 
of t h e  eq./2/ i n  b inary  mobile phases  con ta in ing  water  
and only  one o r g m i c  s o l v e n t  x o r  y and a r e  de te rmi-  
ned i n  the  same WAY a s  f o r  t he  p r e d i c t i o n  of r e t e n -  
t i o n  i n  b ina ry  mobile phases.  I n  p r e d i c t i v e  opt imiza-  
t i o n  approaches for t e r n s r y  mobile p h ~ s e s ,  the  eq./4/ 
cannot  be used f o r  a d i r e c t  c a l c u l a t i o n  o f  t he  o p t i -  
mum concen t r a t ions  $0 and yv , but  t hese  concent ra -  
t i o n s  can be determined from a three-dimensional  d i e -  
gram showing the  response s u r f a c e  f o r  a l l  t he  p a i r s  

the  responae / r e s o l u t i o n /  v e l u e s  c a l c u l a t e d  from t h e  
expres s ion  obta ined  a f t e r  t h e  i n t r o d u c t i o n  of t he  eq. 
/4/ i n t o  the  eq . / j / .  

X 

of s m p l e  s o l u t e s  i n  dependence on ';ox and py, u s i n g  

GRACIZNT-ELUTION CHROVATOGRAPHY 

Orqdient  e l u t i o n  i s  a powerful t o o l  f o r  improving 
the  s e p m q t i o n  of  s m p l e  T i x t u r e s  wi th  R wide r e t e n t i o n  
r m g e  by speeding up the  e l u t i o n  of  s t r o n g l y  r e t g i n e d  
compounds. The p r o f i l e  of A b ina ry  g r s d i e n t  of  i nc re -  
a s i n g  concen t r a t ion  o f  t he  s t r o n g e r  e l u e n t ,  r/, i n  t h e  
mobile phase i s  convenient ly  cha rac t e r i zed  by the  i n i -  
t i a l  concen t r a t ion  a t  the  s t a r t  o f  t h e  g r n d i e n t ,  A ,  by 
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122 JANDERA 

the slope of the gradient, l3, i.e. bv the change o f y  
per volume unit of the eluate and bv the shspe ./curvs- 
ture/ of the gradient. 

Predictive optimization o f  <grsdient elution is 
based on the equations describing the dependence of the 
retention characteristics, i.e., of the net retention 
Volume, V’ and the bandwidth, w in gradient-elution 
chromatography on the parameters of the gradient. In re- 
versed-phese chromatography, linear grsdients Are used 
most frequently. A linear binary gredient of the con- 
centration o f  an organic solvent in water is described 
by the equrstion: 

g1 g’ 

I p =  A + B . V  / 5 /  

where V is the volume of the elunte. In the ChromatOgrR- 
phic svstpms where the eq./2/ applies, the capacity fac- 
tor of a simple solute is changed during the elution 
according to the equation: 

l o c k ’ =  a - m . A  - m . B . V  /6/ 

In this ca9e, the thQ0r.y o f  Trndient elution yields 
the following expressions for the retention charncteris- 
tics in dependence on A and B2,b,10,12: 

(a - mAl 
v d g  = . log r2.31 m B v~: . io + 1 1  /7/ 

VM is the dead volume and N is the number of theoreti- 
c d  plates of the column used; a and m m e  the experi- 
mental parameters of the eq./2/ for the sample solute. 

Similar equations were derived also for straight- 
-phase and ion-exchange chromatography, f o r  linear o r  
curved grsdient profiles and may be found in refs 2,691: 

The type of the gradient to be used and the optimi- 
zation str~tegy depend on the separation problem. Se- 
veral different basic situations may be distinguished. 
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OPTIMIZATION OF GRADIENT-ELUTION 123 

A :  If the  s e p a r a t i o n  s e l e c t i v i t y  of  all t he  sample 
.solutes  /with R wide r e t e n t i o n  range/  cgn be Rdequate- 
ly ad jus t ed  c o n t r o l l i n g  the  concen t rn t ion  r a t i o  o f  t he  
components o f  a b inary  mobile phase,  t he  s e p a r n t i n n  may 
bQ improved and the  t ime o f  s e p a r a t i o n  reduced by u s i n g  
e l u t i o n  wi th  A b inary  s o l v e n t  m n d i e n t .  

q u a t e l y  ad jus ted  i n  4 binarv  mobile phase,  bu t  is su i -  
t a b l e  a t  A c e r t a i n  composi t ion o f  a three-component mo- 
b i l e  phase,  t e r n a r y  g r a d i e n t s  should be used t o  impro- 
ve t h e  s e p a r a t i o n  of  sample compounds wi th  R wide r e -  
t e n t i o n  range. Cvring these  g r a d i e n t s ,  the concent ra -  
t i o n  r a t i o  o f  the  two s t r o n g e r  e l u e n t s ,  Yx and py , 
i s  he ld  cons t an t  And the  sum yT = (px + y, 
creased.  Such g r a d i e n t s  may be c s l l e d  " t e r n a r y  sol- 
vent- s t r eng  t h Rrad i en t s" . 

C :  If the s e p a r a t i o n  s e l e c t i v i t y  f o r  a p s r t  o f  
sample s o l u t e 3  i s  adequate  a t  a c e r t s i n  composi t ion 
o f  a t e r n m y  mobile phase,  bu t  acceptnble  s e p a r a t i o n  
s e l e c t i v i t y  f o r  the  remaining s m p l e  compound8 can  be 
Achieved only a t  another  composition of  t he  t e r n a r y  mo- 
b i l e  phase end the  d i f f e r e n c e e  between the  r e t e n t i o n  
of t he  i n d i v i d u d  3o lu te s  e r e  no t  very g r e e t ,  " t e r n a -  
r y  s e l e c t i v i t y  g r a d i e n t s "  o f  changing concen t r a t ion  r a -  
t i o  of  t he  two s t r o n g e r  s o l v e n t s ,  g =4px  : yy a t  B cons- 
t n n t  sum o f  the  concen t r a t ions  pPT = px + y y ' m a y  improve 
t!ie s e p a r a t i o n ,  

I?: If the  s e l e c t i v i t y  dependence on mobile phase 
composi t ion i s  a 3  i n  po in t  C ,  bu t  the  sample compounds 
show a wide r e t e n t i o n  range ,  t e r n a r y  g r a d i e n t s  should 
be used where the  concen t r a t ions  o f  a l l  t h e  t h r e e  mo- 
b i l e  phase comnonents Rre changed i n  such fi way t h a t  
the  sua 

and the  r a t i o  
These a r e  "combined s e l e c t i v i t y  - s o l v e n t  s t r e n g t h  t e r -  
nary g rad ien t s " .  

€3: If the  s e p a r a t i o n  s e l e c t i v i t y  cannot  be sde-  

i s  in -  

i s  i n c r e a s i n g  du r ing  the  e l u t i o n  V T  = vx 'yy 
g = vx : yy i s  changed s i m l t a n e o u s l y .  
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124 JANDERA 

E: If the  p e d i e n t s  A - D do n o t  provide success-  
f u l  s e p m a t i o n ,  a more e f f i c i e n t  column o r  m o t h e r  ty- 
pe of  mobile o r  s t a t i o n a r y  phase should be t e s t e d .  

PrQdiCtiVe 3p t imiza t ion  of Binnrg Gradien ts  

I n  the p r e d i c t i v e  op t imiza t ion  methqds i t  i s  mssu- 

I /  The number o f  sample s o l u t e s  of i n t e r e - t  i s  
med t h a t :  

known and the  parameters  A ,  m o f  t h e  eqs . / l /  o r  /2/ ha- 
ve been determined exper imenta l ly  f o r  each s o l u t e .  

s i g n i f i c a n t l y  on the  type of t he  s o l u t e  and on the  mo- 
b i l e  phase coapos i t i on  i n  the  range use? for optimize-  
t i o n ,  which u s u a l l y  ho lds  reasonnbly  t r u e  wi th  most co- 
lumns used i n  the  contemDorery HPLC. 

An ideRl  chromtoyram should show r e q u l e r l y  spsced 
penks o f  s o l u t e s .  This is  u s u a l l y  a lmost  impossible  
t o  achieve i n  the  e l u t i o n  u s i n g  cont inuous g r a d i e n t s  
and can be sonetimes Rpproxirneted i n  s tepwise  g m d i e n t  
e l u t i o n ,  the  opt imiznt ion  of  which i s  rR the r  complex7. 
I n  cont inuous g r a d i e n t - e l u t i o n  chromatography, t he  in-  
f l uence  of  the  g r a d i e n t  shape on s e p a r n t i o n  is  u s u a l l y  
l e s s  important  than  t h a t  o f  t h e  g r a d i e n t  s l o p e ,  B and 
of t he  i n i t i a l  concen t r a t ion  o f  t h e  e f f i c i e n t  e l u t i n g  
component i n  the  mobile phase,  
t i o n  procedures  i t  i s  assumed t h a t  an  adequate  g r a d i e n t  
shape /curva ture /  has  been p re - se l ec t ed .  I n  reversed-  
phase chromatography, t h i s  is u s u a l l y  a l i n e a r  g r a d i e n t .  
Then, B and A a r e  optimized s imultaneously.  

1 :  I n  the  f i r s t  op t imiza t ion  procedure t h e  g r a d i e n t  
parameters  A and B a r e  c a l c u l a t e d  so a s  t o  achieve  the  
d e s i r e d  r e s o l u t i o n  R d o f  a " C r i t i c a l "  p a i r  o f  compounds, 
the  sepa ra t ion  of which i s  most d i f f i c u l t .  I n  t h e  same 
time, the  r e t e n t i o n  volume V' of  ano the r  sample so lu-  
t e ,  u s u a l l y  the  most s t r o n g l y  r e t a i n e d  one,  should be 
minimized. The c a l c u l a t i o n  is performed au tomat i ca l ly  
u s i n g  a computer or a programmable ca l cu la to r ,  a s  follows: 

2/ T'ne column p l a t e  number does n o t  depend very 

I n  our  opt imiza-  

S 

g i  
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OPTIMIZATION OF GRADIENT-ELUTION 125 

The gradient slope B necessary to achieve R d and 
9 

the corresponding value of V' 
initial gradient concentration, A = C, for maximum 
practically possible A = A ma x 
from the appropriate equations for retention volumes 
and bandwidths, e.g., from the eqs./7/ and /a/. Which- 
ever of the values A = 0 or A = Amax yields higher Vagi, 
it is rejected and the initial interval of the A values 
is thus halved, either to the limits f rom 0 to 0.5 Amax, 

are calculated for zero 
gi 

and for A = 0.5 A,,,, 

gi or from 0.5 A 

are agnin celculated for the value o f  A from the middle 
to A,,,. The values of B and V' max 

of the new interval, which is then halved in the same 
way. This procedure is repeated until the values of 
A and B corresponding to minimum V' are achieved. 
Further details and an epplication example of the op- 
timization of gradient-elution reversed-phase sepa- 
ration of a mixture of barbiturates were described 
elsewhere . 

2: In the second optimization procedure we select 
the tine of separation, tG, which determines the volu- 
ne of the eluqte from the s t m t  to the en6 of the Era- 
dient elution, VG, at A constant flow-rAte of the mobi- 
le phnse, Fm : VG = tG . F,. By means of a COnStRnt va- 
lue of VG, the initial concentrqtion of the more effi- 
cient eluent, i ,  m d  the gradient slope, B nre correln- 
ted. For  R linenr gradient controlled by the eq./5/, 
this correlRtion is described bv the equation: 

gi 

5 

i 3 -  - v G - A  

vG 
vG is the concentretion of the more efficient eluent 
in the mobile phese at the end o f  the gradient, i.e. 
at V = VG. The retention volumes V' of all sample so- 
lutes end resolution R of the neighbouring peirs 
of peaks m e  celculsted for different values A end CO- 
rresponding B. In reversed-phase chromntogrqphy, eqs. 
/3,7-9/ m e  used for this purpose. 4. plot of RS in de- 

g 
s 
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126 JANDERA 

pendence on A is constructed for all the solute pairs, 
in the form o f  9 "window diagram*', from which the op- 
timum initial concentrstion .9 is selectec! end I3 
is cRlculated from the eq./9/. This optimization pro- 
cedure was tested on the reversed-phnse gradient-elu- 
tion separAtion o f  a mixture of phenylurea herbicides? 

The first of these two optimization procedures is 
faster, 'cut it may fail if the sample Pixture contains 
nore t h m  two solutes the separation of which is / o r  
msy become/ "critical". The second approach provides 
a ttm~pk' of the whole renge of the ontimized grsdient 
pnrsmeters A anB B, but it requires a realistic es- 
timate of the sepArption time before the optimization 
procedure is started. 

OP t opt 

Predictive Optimization of Ternary Gradients 

In 1inep.r ternary gradients, the concentrations 
vx, vy of two stronger eluting components in the mobi- 
le phase, x and y ,  Are changed simultsneouslg accordin8 
to the functions : 

vx = Ax + Bx V / lo /  

v y  = Ay + By / 1 1 /  

Such gradients are meinlv used in reversed-phase sepa- 
retions. 

with R pre-selected concentration ratio of two organic 

and the elution strength is increased by increasing li- 
nearly the sun of the concentrations vT = yx + Ty 
in the mobile phase during the gradient run:pT= A + B.V. 
In this case, the eq./4/ can be written as: 

1 : Che ternary "solvent-strength" gradients work 

solvents x and 9 in aqueous mobile phases, yx : u j , = g  

ax.g + a mx*e + m  

1 + g  1 + a  YT = log k. = - 

/12/ T - mT (PT = a  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OPTIMIZATION OF GRADIENT-ELUTION 127 

The eq./12/ i s  f o r m q l l y  i d e n t i c a l  w i t h  t h e  eq. /2/ ,  whe- 
r e  y =  vT . T h i s  means t h a t  t h e  eqs./7/  and /d/ f o r  r e -  
t e n t i o n  volumes And bandwidths  i n  reversed-Dhase chroma- 
toerriphy w i t h  b i n m y  R r a d i e n t s  can  be used elso f o r  ca1- 
c u l a t i o n s  of V '  and w i n  chromatography w i t h  " t e r n a -  
r y  s o l v e n t - s t r e n g t h "  g r a d i e n t s .  Hence t h e  i n i t i a l  con- 
c e n t r a t i o n ,  A ,  and t h e  s l o p e  o f  t h e  g r a d i e n t ,  B, can  be 
opt imized  u s i n g  t h e  same p r e d i c t i v e  p r o c e d u r e s  a s  
f o r  b i n a r y  g r a d i e n t s .  The r q t i o  g ,  which c o n t r o l s  
t h e  s e p m e t i o n  s e l e c t i v i t y  by means of t h e  p a r a m e t e r s  
a T  ond mT, should  be p r e - s e l e c t e d .  This  can  be done 
i n  A s i m i l a r  way a s  t h e  o p t i m i z a t i o n  o f  t h e  c o n c e n t r e -  
t i o n s  y9 , $4 i n  i s o c r e t i c - e l u t i o n  chromatography 
w i t h  t e r n a r y  mobile  phases .  

2:  I n  t e r n a r y  " s e l e c t i v i t y  g r a d i e n t s " ,  t h e  sum 
of  t h e  c o n c e n t r a t i o n s  o f  t h e  two s t r o n g e r  e l u e n t e  x and 
y i n  t h e  a o b i l e  phase ,  'p? = vx + py , and /approximste-  
ly/ t h e  e l u t i o n  s t r e n g t h  a r e  h e l d  c o n s t m t  d u r i n g  t h e  

= g i s  c h m -  a r s d i e n t  e l u t i o n ,  b u t  t h e  r e t i0  Sp 
ged w i t h  t ime. To hold vT c o n q t e n t ,  a n  i n c r e a s e  of 
should  be compenseted bv en  e q u i v n l e n t  d e c r e e s e  o f 9  

The r R t i o  _e a t  t h e  s t a r t  of t h e  g r a d i e n t  e l u t i o n  i s  
go = A x  : A . I n  t h i s  c a s e ,  t h e  eqs./ lC/ and / 1 1 /  c a n  
be w r i t t e n  ns: 

63 t3 

X Y  

x :';4v 
Y X  

Y 
and consequent ly  : Ax = - B  = B ;  A x + A  = v ~ .  Y 

Y 

1 

/13/ 

/14/ 

. I f t e r  t h e  i n t r o d u c t i o n  o f  t h e  e q s . / l 3 /  and /14/ 
i n t o  t h e  eq./4/ we o b t n i n  t h e  f o l l o w i n g  e x p r e s s i o n  
f o r  t h e  dependence o f  l o g  k'on t h e  volume o f  t h e  e l u a t e ,  
V ,  f o r m a l l y  i d e n t i c R l  w i t h  t h e  eq . /6 /  f o r  r e v e r s e d - p h e -  
s e  chromntography w i t h  b i n m y  g r s d i e n t s :  
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128 JANDERA 

/15/ 

This  means t h s t  t he  eqs./7/ and / 8 /  apply ing  for 
g r a d i e n t - e l u t i o n  wi th  b inary  g r a d i e n t s  c s n  be a l s o  used 
f o r  c a l c u l a t i o n s  of  r e t e n t i o n  volumes and bandwidths 
i n  chromatography w i t h  t e r n a r y  " s e l e c t i v i t y  g r e d i e n t s " .  

cRn be op t in i zed  f irst  wi th  r e s p e c t  t o  t h e  r e t e n t i o n  ti- 
me of the  l a s t  e l u t e d  compounds, u s i n g  t h e  eq./2/ f a r  i- 
s o c m t i c  e l u t i o n  wi th  b inary  mobile phases  con ta in ing  
only  one of  the  s t r o n g  e l u e n t s  x end y. Th i s  r e t e n t i o n  
time determines V and if t h e  va lues  o f v T  Rnd VG a r e  
known, the  s lope  B = Bx = -B 
can be optimized s imul taneous ly  as  i n  t he  second opt imi-  
zn t ion  procedure f o r  b inary  g r e d i e n t s  /see above/. 

3 :  In "combined s e l e c t i v i t y  - s o l v e n t  s t r e n g t h  t e r -  
n w v  ErRdi en t s "  the  concen t r a t ions  of t he  two s t r o n g e r  
e l u e n t s  x an? y s r e  changed s imultaneously Tccording t o  
the  eqs./ lC/ and / l l / ,  bu t  t he  p a r m e t e r s  A Rnd A 

end m e  not  c o r r e l a t e d .  I n  t h i s  ca se ,  the  r c t c n t i o n  
vOlU& v '  
equEtion s i n i l n r  t o  t h e  eq./7/': 

I n  t h i s  ca se ,  the  sum o f  t he  concen t r a t ions ,  Ipr, 

(3 
snd r n t i o  go = A : A 

9 X Y  

N: % X 

Y 
of FI sqmple s o l u t e  csn  be c o l c u l a t e d  from the  

E 

2.31VM(mxBx+!n Y Y  B ). 1 C  1 
/16/ 

1 
v 'g= 

mxax+myay 

where zG i; enelogous t o  the Dsrometfrs FI i n  eq./2/  end 
i s  r le t r ra ined  as  t i e  w a n  va lue  o f  tho pewameters a 

X '  
, dur ing  the g r a d i e n t  e l u t i o n :  

Y 

/17/ 
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OPTIMIZATION OF GRADIENT-ELUTION I29 

'n iteration method shml8 be used for celculntion of 
V' from the eqs./l6/ and /17/. 

rhese ternary grndients m e  most difricult to op- 
timize. A grqdient of increasing yx mny be designed 
first, in order to nchieve the sepsrption of the group 
3f more strongly retsined compounds in as short 9 time 
A S  possible, using the same procedure as for binary Ere- 
dients. rhen, A gradient of decreasing y from an ini- 
tie1 vnlue I 

tention volumes snd resalution for the individupl simple 
solutes at different ', Lsing the eqs./l6/ and /17/. 
Becmse the value of V is known from the optimizqtion 
of the gradient of 4px nnd becmse 0 at V = VG , 
the slope I )  of the decressing _nrsc?ient of C,Pt cqn be 
c*+lculsted eirpctly from the eq./4/ for each kY. From 
the denendence of the individu81 Rs vslues on A 
the optisus A end B values yielding the best resolu- 
tinn for all the solute peirs nay be selected. 

The prediction of retpntion voluaes and the opti- 
mizstion of reverse?-phase ternary grndients wpter - irie- 
than91 - acetonitrile were tpsted on the sepmqtion of 
a mixture of phenolic compounds8 . 

15 

Y 
to zero is optimized by cnlculating the re- Y 

Y' 
G 

9 .Y 

;Y 

Y' 
Y 9 

Selection of the Gr-dient Volume, VG 

priata prldient volume, Vg, in eq./9/ shmld be pre- 
set. In present work, possible influence of the selec- 
tion of VG on the results of optimization was investi- 
gated. 

Rnthrsquinones in A reversed-phase system was employed. 
The sarnple nixture cont8ined 2,6-dinrninoanthraquinone 
/2,6-DAAU/, 1,2-diaminoanthr~quionone /1,2-L!AAQ/ , 
2-aminoanthraquinone /2 -AAQ/ ,  1-aminoanthraquinone 
/l-AAd/ and anthrAquinone / A d / ;  the column ,4.1 x 300 mm, 
was pecked in the laborntory with Silasorb C 1 8 ,  10 uin , 
obtained from Lachema, Brno, Czechoslovakia. 1,4-dioxe- 

In the second optimizqtion procedure, the appro- 

For this purpose, separation of a mixture of amino- 

/ 
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130 JANDERA 

2 . 5 :  

RESOLUTION O F  
1.2-DARQ RND 2-RRO 

U 

0.5: 

0.01 
0 10 2 0  30 

GRADIENT VOLUME. ml 

c 10 

' 4  

o r . . .  . . - .  . - . -  . . .  . 
0 10 2 0  30 

G R R D I E N T  VOLUME, m l  

F i g .  1 

ne end w a t e r  were used a s  t h e  mobile  phase  components, 
b e c m s e  i t  WBS n o t  p o s s i b l e  t o  Achieve good s e p a r a t i o n  
of 1 , 2 - D A A 3  from 2-AP.Q i n  rne thmol  - w s t e r  and i n  a c e t o -  
n i t r i l e  - writer mobile  phoses .  A 1CgCX Liquid  Chromnto- 
g r a p h ,  Hewlet t -Packmd,  kvondnle,  U S A ,  equiped w i t h  
R diode-ar ray  d e t e c t i o n  sys tem,  was operRted a t  254 run. 

Aith i n c r e R s i n g  VG, b o t h  t h e  mnxin;um r e s o l u t i o n  
of  R g i v e n  pRir  o f  sample compounds and t h e  r e t e n t i o n  
volumes c o r r e s p o n d i n g  t o  t h e  opt imized  c o n d i t i o n s  i n c r e a -  
se. This is i l l u s t r a t e d  b.v t h e  dependencies  o f  RS o f  
1 , 2 - I ) A A Q  and 2-AAG and of V of a n t h r s q u i n o n e  on VG 
/ f i g , l / .  However, if R c e r t n i n  r e s o l u t i o n  RSd i s  de- 
s i r e d ,  t h e  p r e - s e t  v a l u e  of  t h e  g r a d i e n t  volume has  
o n l y  minor e f f e c t  on t h e  s e p a r a t i o n ,  a s  i t  is demonstra-  

R 
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OPTIMIZATION OF GRADIENT-ELUTION 131 

TABLE 1 

The Results of the Optimization Procedure 2 for Diffe- 
rent Pre-set Volumes of the Orpdient, VG. 

Column: Silasorb (218, 1 Chum, 4.1 x 30c mm. Sample: mix- 
ture of 4 aminoanthrnqui ones / 1 :  2,6-DAAQ; 2: 1,2-DAAg; 
3: 2-AAQ; 4: 1 - A A Q /  and of anthraquinone /AQ//. V - e- 
lution volume of the last eluted compound, anthraguino- 
ne, cnlculated using eq./7/. A is the initin1 cgncen- 
trntion of l,4-dioxene in wnter /in 3 v/v . 10- L3snd 
B is the slope of lineer gradient /in U v/v . cm 
cnlculnted using eqs./7-9/ for various desired vnlues 

VM = 2.61; flow-pate: 1 cm min . 
. 1C'2/ 

Of resolution, R d, of 1,Zj-DAA21and 2-AAQ,N = 3 000; 

R, d=1.00 

R dz1.25 .s 

RS d=1.5C 

RS d=1.75 

VG /clc3/ 

10 
15 
20 
25 
30 

10 
15 
20 
25 
30 

15 
20 
25 
3c 

1 o+ 

; $ 
20 
25 
30 

v /cm3/ 
R 

5.04 
5.10 
5.18 
5.29 
5.35 

6.19 
6.23 
6.16 
6.29 
6.25 

7.59 
7.48 
7.54 
7.56 

- 

- - 
9.92 
9 - 4 2  
9.38 

A 

0.56 
0.63 
0.59 
0.59 
0.59 

0.47 
0.51 
0.54 
0.54 
0.55 

0.44 
0.48 
c.5c 
C.51 

- 

- - 
0.38 
c.43 
6 - 4 5  

B 

0.044 
0.025 
0.021 
0.017 
C.014 

0.053 
c.c33 
0.  023 
0.C18 
0.01 5 

- 
0.C37 
0.026 
c.020 
0.016 

- - 
0.03 1 
0.023 
o.cia 

+ RS d cannot be achieved 
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132 JANDERA 

TABLE 2 

Calcu la ted  /V / end Exoerimental  /V / Values of  E- 
l u t i o n  Volume69 6f  4minoanthrRquinonesglfi Gradient-Flu- 
t i  on Chrome t ogr s phy . 
Gradient  1 :  35 - 100 % 1,4-dioxme i n  water  i n  1 C  min; 
A = 0.35; B = 0.065. Gradien t  2: 40 - 100 '15 1,4-dioxa- 
ne i n  water  i n  15 min.; A = C . 4 ;  b = 0.04. 3 t h e r  chro- 
matographic cond i t ions  a9 i n  T R t l e  1 .  The g r a d i e n t s  
were optimized us ing  eqs./7-9/, i . e . ,  prodedure 2,  t o  
echieve maximum r e s o l u t i o n  o f  1,2-DAA4 and 2-AA2 
i n  10 n i n  / 1 /  and i n  15 min /2/. The c o n s t m t s  A and 
m o f  the  eq./2/ used i n  c a l c u l a t i o n s  were obta ined  bJ: 
l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  the  experimental  l o g  k - - cp p l o t s .  The g r s d i e n t  de l ay  of  t h e  in s t rumen t  /lC90K, 
Hewlett-Packmd/ equal  t o  0.36 m l  was Added t o  the  V 
va lues  c a l c u l a t e d  from t h  eq./7/. R - c o r r e l s t i o n  
c0e f f i c i en t s .V  m e  i n  cm 9 . 

@I 

compound 
2,6-EAAd 
1 ,2-rAAi$ 

2-1 c ' 3  
1 - ,\kQ 

A9 

compound 

2,6-??PAd 
1,2-""A6] 

2- 4-4 a 
1 - A A Q  

Ad 

a m R 

1.4C6 3.896 0.3933 
2.130 4 540 0.9994 
2,196 4.410 0.9994 
2,572 4.620 0.9997 
2,738 4.484 0.3998 

Gradien t  1 G r  A d  i en  t 2 

'R,e % , c  %,e  vg, c 
4.53 4.66 4.18 4.38 
5.96 5.87 5.a3 5.79 
6.38 6.26 6.40 6.30 
7.32 7.09 7.79 7.51 
8.14 7.87 9.05 8.66 

ted by the  r e t e n t i o n  volumes V o f  t h e  l a s t  e l u t e d  com- 
pound, Ad, i n  the  s?mple mixture  /Table l/. The d i f f e -  
r ences  between these  vnlues  a t  d i f f e r e n t  p re - se t  VG 
/from 10 t o  30 m l /  do no t  exceed 0.5 ml, even though 
the  m l u e s  o f  A and B change wi th  VG. This  means t h a t  
the r e t o n t i o n  volume of  the  l a s t  e l u t e d  compound i s  
s i g n i f i c m t l y  lower than  the  p re - se t  g r a d i e n t  time. If 
the  s e p a r a t i o n  i s  f i n i s h e d  when the  l e s t  compound i s  

g 
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OPTIMIZATION OF GRADIENT-ELUTION I33  

000 

'" 
600 

500 

400 
3 

3 00 

2 00 

100: 

0.4 

1 
OPTIMIZED GRADIENT-ELUTION SEPARRTION 

OF AMINORNTHRRQUINONES 

Column: SILRSORB tlB. 4.1x3BB mm Ra 
t r 8 d t m n t :  35 - 188% 1.4-DIOXRNE I n  WRTER 
I n  la mtn 
F 1 ow-r 8 t m  : 
Datmct lon:  UV. 254 nm 
Inatrummnt:  HP 1098 n 

1 m 1 /m I n 

2 - m ~  
1 * E-DRAQ 1 I-RRQ 

I I 

2 . 6  -DRRQ 

P 

F i g .  2 

e l u t e d ,  the pre-se t  VG has n o t  very s i p i f i c e n t  i n f luen -  
ce on the  time of  s epe r s t ion .  

The p r e c i s i o n  of the p r e d i c t i o n  c a l c u l s t i o n s  is  
demonstrated bv comperison of  the experimental  m d  cn l -  
cu la t ed  r e t e n t i o n  volumes o f  the i n d i v i d u a l  sanple  com- 
pounds i n  two g rad ien t - e lu t ion  chrometography r u n s  op- 
t i u i z e d  so a s  t o  achieve maximum r e s o l u t i o n  of  1,2-CAAQ 
and 2-AAQ i n  the  g r a d i e n t s  w i t h  pre-se t  VG of 10 and 
15 Cm3. The maximus d i f r e r e n c e s  be tween the  c a l c u l a t e d  
and p red ic t ed  r e t e n t i o n  volumes do ?lot exceed 5 3  r e l . ,  
which is acceptab le  for the op t imiza t ion  purposes /Table 2/. 
The chromatograms corresponding t o  these  two opt imized 
g r a d i e n t s  a r e  shown i n  f i g s .  2 and 3. The g r a d i e n t  o p t i -  
mized f o r  the  p re - se t  VG of 15 min a l lows  t o  achieve  
good sepa ra t ion  of a l l  t he  sample compounds i n  leas t han  
10 minutes ,  which i s  cons iderably  s h o r t e r  a time than  
t h a t  r equ i r ed  under i s o c r a t i c  condi t ions .  
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134 JAN D E R A 

OPTIMIZED GRADIENT-ELUTION SEPARATION 
OF AMINORNTHRRQUINONES 7 00 

C o l u m n :  SILASORB C l E ,  4 . 1 X 3 0 0  mm 
C r a d l - n t :  4 0  - 1 0 0 %  1.4-DIOXANE I n  WATER 
I n  IS m t n  
F l o w - r a t . :  l m l / m l n  
I h t m c t t o n :  UV.  2 5 4  nm 
I n s t r u m m n t :  HP 1090 H 

4 00 

1004 A 1 \ 1 \  
2 4 6 0 10 12 

T i m e  Crnin.)  

Flg. 3 

In cniiclusion, the second optimization procedure 
for gradient-elution chromatography is not critically 
influenced by the pre-set value of the gradient volume, 
vG, provided that the elution is finished immediately 
after the elution of the most strongly retained sample 
component end that a sufficiently large value of VG has 
been pre-set to allow the resolution required for the 
"critical" pair of compounds to be achieved. If nece- 
ssary, the optimization procedure may be performed 
for several pre-set values of Vc and the results compa- 
red, but this seems to be rarely necessary in practice. 

GLOSSARY OF THE TERMS USED 

a - experimental constant in the eqs. /1/ or /2/ 
aG - mean value of the constants ax, a 

mobile phase - see eq. /17/ 
a - see eq. /12/ 

in the ternary 
Y 

- value of a at the beginning of the ternary gradient T 
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OPTIMIZATION OF GRADIENT-ELUTION 135 

- experimental constants a for the binary mobile 
phases water - org. solvent x and water - org. 
aolvent y, resp. 

.pay a 

g = 4 p x :  4p, - ratio of the concentrations of the more effi- 
cient eluting components in the ternary mobi- 
le phase 

go = A :A 

k'- capacity factor of the solute 
m - experimental constant in the eqs. / 1 /  or /2/ 
mT - value of m at the beginning of the ternary gradient 
m 

- g at the start of the ternary gradient X Y  

- see eq. /12/ 
- experimental constants m for the binary mobile 
phases water - org. solvent x and water - org. 
solvent y, resp. 

tG - time of' the gradient, i.e. the time from the start 

w,, w2 - bandwidths of the solute compounds 1 and 2, reap., 
in cm3 

w - bandwidth of the solute under gradient-elution con- 
ditions, in cm3 

A - yet the beginning of the gradient elution with a 
linear binary gradient 
- maximum value of A that can be practically obtai- Amax 

A A - yx and y at the beginning of the gradient 

B - slope of the linear binary gradient in volume per 
- slopes of the changes of yx and fpy, resp., 

x' my 

till the end of the gradient elution, in min. 

ned 

7 " Y elution using a linear ternary gradient 

Bx' y 

cents.10'2 per 1 cm3 of the eluate 
B 

during a linear ternary gradient, in volume 
per cents.lO-' per 1 cm3 of the eluate 

3 Fm - Plow rate of the mobile phase, in cm .min" 
N - theoretical plate number of the column used 
RS - resolution of the solute compounds 1 and 2 
RSd - pre-set resolution that should be achieved in the 

optimization procedure 
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136 JANDERA 

VG - gradient volume, i.e. the volume of the eluate from 
the start till the end of the gradient elution 

V 0  - net retention volume of the solute under gradi- 
g 

V' 
gi saould be minimized 

Van - column dead volume, in cm 
'Rl ' 'R2 
,5d - concentration of the more efficient eluting compo- 

nent in the binary mobile phase, in volume per cents.10- 
yG - vat the end of the gradient elution 
yT = yx + yy - concentration sum of the more effici- 

ent eluting components x and y in the 
ternary mobile phase 

yx, yy - concentrations of the more efficient eluting 

ent-elution conditions 
- V 0  of the sample compound the retention of which 

3 
- retention volumes of the solute compounds 1 
and 2, resp., in cm 3 

components x and y,  resp., in the ternary mo- 
bile phase, in volume per cents. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

3. 

9. 

Schoenmakers, P.J., Optimization of Chromatographic 
Selectivity, Elsevier, Amsterdam, 1986. 
Jandera, P. and ChurAEek, J., Gradient Elution 
in Column Liquid Chromatography, Elsevier, Amster- 
dam, 1985. 
Kirkland, J.J. and Glajch, J.L., J. Chromatogr., a, 27, 1983. 
Dolan, J.W. Sn der, L.R. and Quarry, M.A., Chroma- 
tographia, &, $61, 1987. 
Jandera P. and ChurBEek, J., J. Chromatogr., B, 
Jandera, P. and ChurAEek, J., Advan. Chromatogr., 

Jandera, P. and ChurAEek, J., J. Chromatogr., l'Jl, 

Jandera, P., ChurAEek, J. and Colin, H., J. Chro- 
matogr., 3, 35, 1981. 
Jandera 
107, 19b6. 

19, 19d. 

125, 1980. 

1 ,  1979. 

P. and SpaEek, Me, J. Chromatogr., 366, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OPTIMIZATION OF GRADIENT-ELUTION 137 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Jandera P. and ChurBEek, J., J. Chromatogr., 2, 
207, 1934. 
Jandera, P., JanderovA, M. and ChurBEek, J., J. 
Chromatogr., x, 79, 1978. 
Jandera ,  P., ChurBEek, J. and Svoboda, L., J. Chro- 
matogr., m, 35, 1979. 
Sn d e r ,  L.R., Dolan J . W .  and Gant, J .R. ,  J. Chro- 
magogr., 165, 3, 1939. 
Jandera,  P. and ChurBEek, J., J. Chromatogr., 91, 

Glajch ,  J.L.,  Kirkland,  J.J., Squ i re ,  K.M. end M i -  
n o r ,  J.M.,  J. Chromatogr., m, 57, 1980. 
Gle’ch ,  J.L., Kirkland,  J.J. and Snyder, L.R., 
J. Shromatogr., 2J8, 269, 1982. 

17, 1974. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


